Binding of chromosomal high mobility group 1 protein (HMG1) to UV-damaged DNA has been studied with oligonucleotides containing a single dipyrimidine site for formation of UV photolesions. Irradiation of an oligonucleotide with unique TT dinucleotide resulted in generation of cyclobutane pyrimidine dimer with no evidence for induction of (6-4) photoproducts, whereas the analysis of irradiated TC-containing oligonucleotide detected (6-4) photoproducts but not cyclobutane pyrimidine dimers. Mobility shift assays have revealed that HMG1 protein binds preferentially to irradiated TT and TC oligonucleotides. Photoreversal of cyclobutane pyrimidine dimers with DNA photolyase and hydrolysis of the (6-4) photoproducts with hot alkali substantially reduced but did not eliminate binding of HMG1. The protein, therefore, appears to bind the two main types of UV damages in DNA, but some other photolesion(s) contributes to the preferential binding of HMG1 to irradiated DNA. By quantifying gel shift assays and considering the efficiencies of lesion formation, we determined dissociation constants of 1.2 ؎ 0.5 and 4.0 ؎ 1.5 M for irradiated TT and TC oligonucleotides, respectively, and 70 ؎ 20 M for the control non-irradiated probes. Tryptic removal of the acidic COOH-terminal domain of HMG1 significantly affected binding of the protein to both irradiated and intact oligonucleotides. The potential role of HMG1 in recognition of the UV lesions in DNA is discussed.
Binding of chromosomal high mobility group 1 protein (HMG1) to UV-damaged DNA has been studied with oligonucleotides containing a single dipyrimidine site for formation of UV photolesions. Irradiation of an oligonucleotide with unique TT dinucleotide resulted in generation of cyclobutane pyrimidine dimer with no evidence for induction of (6-4) photoproducts, whereas the analysis of irradiated TC-containing oligonucleotide detected (6-4) photoproducts but not cyclobutane pyrimidine dimers. Mobility shift assays have revealed that HMG1 protein binds preferentially to irradiated TT and TC oligonucleotides. Photoreversal of cyclobutane pyrimidine dimers with DNA photolyase and hydrolysis of the (6-4) photoproducts with hot alkali substantially reduced but did not eliminate binding of HMG1. The protein, therefore, appears to bind the two main types of UV damages in DNA, but some other photolesion(s) contributes to the preferential binding of HMG1 to irradiated DNA. By quantifying gel shift assays and considering the efficiencies of lesion formation, we determined dissociation constants of 1.2 ؎ 0.5 and 4.0 ؎ 1.5 M for irradiated TT and TC oligonucleotides, respectively, and 70 ؎ 20 M for the control non-irradiated probes. Tryptic removal of the acidic COOH-terminal domain of HMG1 significantly affected binding of the protein to both irradiated and intact oligonucleotides. The potential role of HMG1 in recognition of the UV lesions in DNA is discussed.
High mobility group proteins 1 and 2 (HMG1 and -2) 1 are abundant chromosomal proteins found in a variety of eukaryotic species. Despite their early identification and biochemical characterization (1) and subsequent implication in a number of cellular events, their functions are still unknown (for reviews see Refs. 2 and 3). The interest in these proteins sharply increased in the early 1990s with the discovery of a new kind of eukaryotic protein domain involved in interactions with DNA (4), which displayed sequence similarity to two homologous repeats of an 80-amino acid sequence in HMG1. This motif called HMG box was found in a wealth of less abundant eukaryotic proteins, mainly general transcription factors and gene-specific transcriptional activators (reviewed in Refs. 3 and 5) . A general characteristic of these proteins is their ability to bind bent DNA or to induce bending in DNA independent of sequence or the existence of prebent regions (6) . Thus, HMG1 binds preferentially to distorted DNA sites such as synthetic cruciform DNA structures (7, 8) and the lesions formed on DNA by the anticancer drug cisplatin (9, 10) . The ability of HMG box-containing proteins to mediate bending in linear duplex DNA was demonstrated by several approaches (11) (12) (13) . In addition, these proteins can constrain negative supercoils in plasmid DNA (14 -16) and can serve as "architectural" elements in the assembly of higher order nucleoprotein complexes (5, 11, 13, (17) (18) (19) .
The finding that HMG1 binds more tightly to cisplatin-damaged DNA than to unmodified B form DNA implies that the signal for the binding specificity is a particular DNA structure. The major cisplatin adducts formed in vivo are d(GpG) and d(ApG) 1,2-intrastrand cross-links (20) , which were shown to bend the helix by [32] [33] [34] o and to unwind it by 13 o (21). Both bending and unwinding of DNA is believed to be the specific structure recognized by HMG1 (9) . It was intriguing to investigate the binding activity of this protein to structural changes in DNA induced by other agents known to distort the helix (see the commentary in Ref. 6 ). Some literature data make the UV light a likely candidate for such an agent. Thus, the major photoproduct produced in DNA by the short wavelength UV light, the cyclobutane pyrimidine dimer (CPD), was found to induce both bending (22, 23) and unwinding (24) of DNA. Furthermore, the second major UV-induced lesion in DNA, the pyrimidine-pyrimidone (6-4) photoproducts or (6-4) photoproduct was recently reported to produce bending in DNA (25) . The present study addresses this question by studying the binding activity of HMG1 to oligonucleotides containing a single dipyrimidine site for induction of the two major photolesions upon irradiation with UV light. We show that HMG1 prefers to bind to irradiated oligonucleotides and the binding is enhanced upon removal of the COOH-terminal tail of the protein.
MATERIALS AND METHODS
Preparation of Proteins-Nuclei from Guerin ascites tumor cells and from calf thymus were used to isolate HMG1,2 proteins by the nondenaturing salt extraction procedure described elsewhere (26) . After DEAE-cellulose chromatography, the fractions containing HMG1 were dialyzed against 50 mM Tris, pH 7.5, 20 mM NaCl, 5 mM DTT and stored at Ϫ70°C in aliquots. Removal of the COOH-terminal domain of HMG1 was carried out by mild digestion with trypsin (Sigma, L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated). Both cleavage of HMG1 and the purification of the major tryptic fragment termed HMG3 (15) were performed as described (27) . The final HMG3 preparation was dialyzed and stored as for HMG1. The purity of the proteins was assessed by electrophoresis in SDS-18% polyacrylamide gels (28) .
Preparation of Oligonucleotides, Irradiation with UV Light-The oligonucleotides used in this study were designed as described previously (29) and synthesized on a Gene Assembler Plus DNA Synthesizer (Amersham Pharmacia Biotech) using the phosphoramidite method. The adjacent pyrimidines are underlined (see below). GCA TGC ATT GCG CGC GTA TA  3Ј TGC GTA CGT ACG TAA CGC GCG CAT AT  ͑TT oligo͒   5Ј ACG CAT GCA TGC ATC GCG CGC GTA TA  3Ј TGC GTA CGT ACG TAG CGC GCG CAT AT  ͑TC oligo͒   5Ј ACG CAT GCA TGC ATG CGC GCG TAT A  3Ј TGC GTA CGT ACG TAC GCG CGC ATA T ͑No adjacent pyrimidines͒ The two complementary single-stranded oligonucleotides were 32 Pend-labeled by using T4 polynucleotide kinase (Amersham Pharmacia Biotech) and [␥-
5Ј ACG CAT
32 P]dATP. After removal of kinase and unincorporated radiolabel, each labeled strand was precipitated with ethanol and dissolved in a hybridization buffer (100 mM Tris, pH 7.5, 150 mM NaCl, 10 mM MgCl 2 ). Equimolar amounts of the complementary strands were pooled, heated at 68°C for 5 min, and allowed to cool slowly to room temperature. The annealed oligonucleotide was resolved on native 15% polyacrylamide gel at 12°C. On completion of electrophoresis the gel was briefly exposed to x-ray film, and the bands corresponding to full-length double-stranded oligonucleotide were excised. The resulting gel slices were soaked for several hours in 150 mM NaCl at 4°C under agitation. The eluted DNA was precipitated with ethanol in the presence of glycogen (Stratagene), centrifuged, and dried in a Speedvac. The pellet was dissolved in 25 mM Tris, pH 7.5, 25 mM NaCl to a concentration of 100 ng/ml. Double-stranded oligonucleotides in 25 mM Tris, pH 7.5, 25 mM NaCl were spotted on parafilm and irradiated on ice with light from a germicidal lamp (primarily 254 nm) at 7J/m 2 /s.
Identification and Quantification of the UV-induced Lesions in the
Oligonucleotides-Formation of CPD was quantified by treatment of irradiated oligonucleotides with phage T4 endonuclease V that nicks DNA specifically near the site of the dimer (30) . A 10-l assay containing 1 ng of 32 P-labeled oligonucleotide, 50 mM Tris, pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 g of BSA, and endonuclease V (diluted 1:50 and added in amounts that carry the reaction to completion, as determined in a separate experiment) was kept 30 min at 37°C and dried in a Speedvac for 10 min. The content of the tube was dissolved in 10 l of 50% formamide, 0.025% xylene cyanole and layered onto a denaturing 15% polyacrylamide gel containing 8 M urea at 56°C. On completion of electrophoresis the gel was fixed and dried, and the bands obtained were quantitatively evaluated by PhosphorImager (Molecular Dynamics) using Image Quant software.
Formation of (6-4) photoproducts was assayed by treatment of irradiated oligonucleotides with 0.1 M NaOH at 90°C for 30 min before cooling on ice for 5 min and subsequent neutralization with HCl (31) . Electrophoretic separation and the quantitative analysis of the alkalilabile products were performed as above.
Enzymatic Photoreactivation-Irradiated TT oligonucleotide was treated with photolyase from Escherichia coli (kindly gifted by Prof. Aziz Sancar together with instructions for use) in a 100-l assay, containing 50 mM Tris, pH 7.4, 50 mM NaCl, 1 mM EDTA, 10 mM DTT, 5 l of BSA (mg/ml), and photolyase (0.1 mg per 1 mg of DNA). The solution was irradiated at 366-nm light from a monochromator for 10 min at 15°C, deproteinized by phenol/chloroform/isoamyl alcohol, and oligonucleotides were recovered by precipitation with ethanol. Successful removal of CPD was monitored with T4 endonuclease V as described above.
Electrophoretic Mobility Shift Assay (EMSA)-Radiolabeled oligonucleotide (33 ng/ml) was incubated for 20 min at 20°C with HMG1 in a 30-l assay containing 25 mM Tris, pH 7.5, 1 mM EDTA, 5 mM MgCl 2 , 50 mM NaCl, 100 g/ml BSA, 10% glycerol. Non-labeled sonicated salmon sperm DNA (3.3 g/ml) was used as competitor where indicated. This makes 100-fold excess by weight, but taking into account that not more than 5% of irradiated TT oligonucleotides contained CPD (see "Results"), the real excess of non-damaged DNA sequences relative to the CPD-containing oligonucleotides was about 2000 times. In the case of irradiated TC oligonucleotide with 16 -18% (6-4) photoproduct formation at the fluences used, the excess is about three times less. The mixture was loaded onto 5% polyacrylamide gel (acrylamide:bisacrylamide 29:1) in 0.5ϫ TBE buffer. Electrophoresis was performed at room temperature in 0.5ϫ TBE at a constant voltage (10 V/cm), following a pre-run for at least 3 h. A sample of gel tracking dye was run in a separate lane to monitor the migration. On completion of electrophoresis the gel was fixed in 7% acetic acid for 5 min, dried under vacuum onto Whatman paper, and autoradiography performed at Ϫ80°C with an intensifying screen.
Immunoblotting-Samples (5 g of HMG1 protein) were resolved on SDS-15% polyacrylamide gel. Proteins were transferred to nitrocellulose membranes (Schleicher & Schuell) electrophoretically at 4°C for 1 h at 8 V/cm in a buffer containing 25 mM Tris, pH 8.2, 192 mM glycine, 15% methanol. The membranes were blocked for 1 h at room temperature with 1% gelatin, 0.5% BSA in TBST buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20). They were incubated for 2 h at room temperature with affinity purified anti-HMG1 antibody in TBST buffer supplemented with 0.5% BSA, washed three times in TBST, and further incubated for 1 h with anti-rabbit peroxidase-linked antibody (1:3000). The bands were visualized by using ECL Western blotting detection reagents (Amersham Pharmacia Biotech).
Southwestern Blotting-Purified HMG1 was resolved on SDS-15% polyacrylamide gel and transferred to nitrocellulose filters as described above. The membranes were soaked in 6 M guanidine HCl, 50 mM Tris, pH 8.0, 1 mM DTT, 2 mM EDTA for 30 min at room temperature with gentle agitation. The blots were washed successively for 20 min in 50 mM Tris, pH 8.0, 1 mM EDTA containing decreasing concentrations of guanidine HCl (3.0, 1.5, 0.75, and 0.3 M), followed by two washings for 10 min in 20 mM Tris, pH 8.0, 1 mM DTT, 0.1 mM EDTA, 10 mM MgCl 2 , 5% glycerol. The membranes were blocked for 2 h at room temperature in a buffer containing 10 mM Tris, pH 7.4, 50 mM NaCl, 1 mM EDTA, and 5% non-fat dry milk and hybridized overnight in the same buffer to either irradiated or non-irradiated 32 P-labeled oligonucleotide (10 6 cpm/ ml) in the presence of salmon sperm DNA. The membranes were washed four times for 30 min at room temperature with the above buffer without dry milk and three times with 10 mM Tris, pH 7.4, 10 mM NaCl, 1 mM EDTA and exposed to x-ray film for 24 h.
Determination of Dissociation Constants (K d )-
Since the EMSA revealed a single retarded band, the dissociation constants were determined assuming 1 to 1 equilibria between free oligonucleotide O, free protein P, and the retarded complex PO. For non-irradiated TT and TC probes, EMSA data yielded the ratio p ϭ (PO)/(O), where (PO) and (O) indicate the concentration of the corresponding species and, accordingly, K d ϭ(P)/p. As the total protein concentration (P T ) was much higher than the concentration of the total labeled probe, K d Х (P T )/p. Irradiated probes, however, were considered as binary mixtures consisting of a fraction f of lesion containing probes OЈ (dissociation constant K d Ј) and a fraction (1 Ϫ f) of intact oligonucleotide molecules O (dissociation constant K d ). The experimentally determined ratio is pЈ ϭ (PO) ϩ (POЈ)/(O)ϩ(OЈ). Considering equilibria and mass conservation equations and assuming (P) Х (P T ), this expression rearranges to yield
. In these equations p and pЈ indicate ratios determined with irradiated and non-irradiated oligonucleotides at one and the same P T . For the irradiated probes the values of f were 6.5 and 17.5%, respectively. These figures were 20 -30% higher than the amount of generated CPD and (6-4) products in order to take into account the contribution of other photolesions (see "Results and Discussion").
RESULTS AND DISCUSSION

Formation of Cyclobutane Pyrimidine Dimers and (6-4) Photoproducts upon Irradiation of Oligonucleotides with UV
Light-The main products formed in DNA by the UV light are CPD and the (6-4) photoproducts. In this work we used oligonucleotides containing either a single TT (TT oligonucleotide) or a single TC (TC oligonucleotide), the sites for preferential formation of CPD or (6-4) photoproducts, respectively (32) (33) (34) . Since the DNA lesion frequency can vary by almost an order of magnitude according to the flanking sequences (33, 35, 36) , our first task was to determine the portion of the adjacent pyrimidines that has been converted to the above photoproducts upon irradiation of the oligonucleotides.
Following irradiation, the oligonucleotides were treated with phage T4 endonuclease V under the conditions of enzyme excess such that increased amounts of enzyme did not lead to increased strand scission. On completion of digestion the oligonucleotides were resolved by electrophoresis in denaturing polyacrylamide gel (Fig. 1) . Since both TT and TC oligonucleotides contain a single site for dimer formation which is located on a constant position along the sequence of both oligonucleo-tides, the localization of the dimer was very easy (Fig. 1, lanes  2-4) . The frequency of scission at this unique site was determined by the ratio of the radioactivity in the bands produced by the enzyme and the total radioactivity on the gel. Fig. 1 reveals also that breaks are not apparent in irradiated DNA which has not been exposed to enzyme (Fig. 1, lane 1) . It is noteworthy that endonuclease V does not cleave irradiated TC oligonucleotide (Fig. 1, lanes 5 and 6) , i.e. under the conditions of irradiation the single TC is not converted into CPD. The quantitative analysis of the digestion pattern in Fig. 1 showed that the dimerization of TT oligonucleotide did not exceed 5% of the sites containing adjacent thymines. Finally, irradiation led to the appearance of bands with higher molecular weight than that of the original single-stranded oligonucleotide. Since the material extracted from these bands migrated on a native gel as did the unirradiated double-stranded oligonucleotide (not shown), these bands were attributed to interstrand cross-links.
The formation of (6-4) photoproducts was quantified by hot alkali treatment of TT and TC oligonucleotides. The breakage of the 3Ј-pyrimidine of the potential dimer site (34) is clearly seen upon treatment of irradiated TC oligonucleotide (Fig. 2,  lane 2) . For the experiment presented in the figure, 18% of the CT sites have been converted into alkali-labile products. However, the treatment of irradiated TT oligonucleotide showed no detectable presence of alkali-labile products (Fig. 2, lanes 3 and  4) . Such a result is not surprising in light of the observations that alkali-labile lesions could be induced at TT sites in human DNA but at a frequency 1/10th that measured for TC sites (34) .
Induction of CPD and (6-4) photoproducts as a function of the dose of irradiation was assayed by treatment with endonuclease V and hot alkali, respectively, and the results are presented in Fig. 3 . The dose-response curves for the two lesions markedly differed. CPD in TT oligonucleotide accumulated rapidly up to a plateau level (5%) at fluences higher than 2 kJ/m 2 (Fig.  3A) . Such a kinetics of CPD formation is attributed to photoreversal of CPD. In contrast, (6-4) photoproducts in TC oligonucleotide continued to accumulate upon increasing the fluences up to the values we have used (55 kJ/m 2 , Fig. 3B ). Binding of HMG1 Protein to UV-irradiated Oligonucleotides-The ability of HMG1 to bind UV-damaged DNA was studied with oligonucleotides containing a single potential site for the formation of one of the two major UV light-induced lesions, CPD or (6-4) photoproducts. Irradiated and unirradiated probes were incubated with HMG1, and the specificity of the complex formation was analyzed by EMSA and by Southwestern blotting. The results obtained with EMSA are presented in Fig. 4 . The incubation of a constant amount of nonirradiated TT oligonucleotide with increasing quantities of HMG1 shows that at a given concentration of HMG1 the protein shifts the oligonucleotide, the band shift increasing upon further increase of the amount of HMG1 (Fig. 4A, lanes 1-5) . However, when HMG1 was incubated with irradiated TT oligonucleotide, the band shift appeared at a protein concentration lower than that shifting the non-irradiated TT (Fig. 4A,  lanes 6 -9) . Similar results were obtained with irradiated and non-irradiated TC oligonucleotide. Thus, a concentration of HMG1 could be selected at which the protein binds to irradiated TT and TC oligonucleotides but not to non-irradiated ones, and this is well illustrated in Fig. 4B (lanes 2-5) . In fact, the difference in the binding ability of HMG1 to damaged and intact oligonucleotides shown in Fig. 4A is much more demonstrative taking into account the efficiency of lesion formation (see above). Thus, among the irradiated TT oligonucleotides only 1 of 20 molecules contains CPD upon irradiation at doses higher than 2.5 kJ/m 2 (see Fig. 3A ). The remaining molecules are not damaged and compete with lesion containing oligonucleotides for binding to HMG1. For quantification, a constant amount of the oligonucleotide (either intact or irradiated) was incubated with several different concentrations of HMG1, and the radioactivity of shifted complex and unshifted oligonucleotide were determined from quantitative analyses of gels on a PhosphorImager. Based on these data we determined dissociation constants K d Ј of 1.2 Ϯ 0.5 and 4.0 Ϯ 1.5 M for the interaction of HMG1 protein with the irradiated TT and TC oligonucleotides, respectively (see "Materials and Methods"). It should be stressed that when calculating K d Ј, we took into account the experiments with photoreactivated TT probe and hot alkali-treated TC probe, which suggest a contribution of photolesions other than CPD and (6-4) photoproducts (see below). Dissociation constant K d of 70 Ϯ 20 M was measured for binding to control non-irradiated probe. This value is close to that previously reported for nonspecific binding of HMG1 to DNA (12) .
Binding of HMG1 to single-stranded TT and TC oligonucleotides was also analyzed. No band shift has been registered with either intact or irradiated strands (Fig. 4B, lanes 8 and 9) . This was confirmed by EMSA competition experiments in which the incubation assay containing labeled double-stranded TT oligonucleotide was supplemented with increasing amounts of unlabeled TT chain. It was found that 1600-fold molar excess of the unlabeled competitor did not affect the band shift (not shown). This observation disagrees with the earlier reports for a preferential binding of HMG1 to single-stranded DNA than to double-stranded DNA. One explanation for this discrepancy might be the size of DNA. The preference of HMG1 to singlestranded DNA binding has been shown with nicked circular PM2 DNA (37) , salmon DNA (38) , and poly(dA) homopolymer (39); we have worked with short 26-base single-stranded oligonucleotides. Furthermore, the role of the ionic strength could not be ruled out (38) . The electrophoresis of the purified HMG1 did not reveal proteins other than HMG1, but trace amounts of undetected proteins cannot be excluded. To prove that the band shift is due to HMG1, anti-HMG1 antibody was added to the incubation mixture. In this experiment band shift was not observed, whereas the addition of non-immune immunoglobulin was without effect (Fig. 5) .
The affinity of HMG1 to UV-damaged DNA was assayed also by Southwestern blotting.
32 P-Labeled intact and irradiated TT oligonucleotides were reacted with blotted HMG1 and autoradiographed (Fig. 6) . A band was observed only on the Southwestern blot with irradiated oligonucleotide, which coincided with the band revealed on the Western blot. The same result was obtained using TC oligonucleotides (not shown)
Analysis of the UV Lesions Recognized by HMG1-Besides the two main photoproducts, UV light induces some minor lesions such as the thymine glycol, the interstrand cross-links that appear to be far less efficiently induced than the main photoproducts (36) . Moreover, a recent study demonstrated that the exposure of DNA in aqueous solution to UV radiation at relatively low doses caused formation of several monomeric base damage products (40) . As seen in Figs. 1 and 2 , irradiation has induced interstrand cross-links, whose amounts increased upon increasing the dose of irradiation. In our case the frequency of interstrand cross-linking was close to that observed for CPD formation in the irradiated TT oligonucleotide. The contribution of the minor lesions was controlled by using an oligonucleotide with generally the same sequence as TT and TC oligonucleotides but without adjacent pyrimidines as unique potential site for dimerization. In a binding assay with this control oligonucleotide HMG1 did not show a binding preference to irradiated probes (Fig. 4B, lanes 6 and 7) . It turned out, however, that this oligonucleotide was not a proper control for the interstrand cross-links, because in denaturing gel irradiated TT, TC, and control oligonucleotides showed different pattern of cross-linking (Fig. 3A, inset) .
To determine the contribution of CPD and (6-4) photoproducts to the preferential binding of HMG1 to UV-irradiated oligonucleotides, we made use of enzymatic photoreactivation to selectively repair CPD or, alternatively, hot alkali treatment to remove the (6-4) photoproducts. TT oligonucleotide was UVirradiated and then incubated with photolyase from E. coli.
Successful photoreactivation was confirmed by digestion with T4 endonuclease V. Photoreactivated and non-photoreactivated oligonucleotides were used in a binding assay with constant amount of HMG1. Removal of CPD had a significant effect on the binding of HMG1 to photoreactivated TT oligonucleotide. At low doses of UV light (2.5 kJ/m 2 ) binding was almost completely abrogated (Fig. 7A, lane 4) . At higher doses (27 kJ/m 2 ), however, some binding activity to photoreactivated TT oligonucleotide was still observed (Fig. 7A, lane 3) despite the complete removal of CPD (Fig. 7B, lane 1) . Therefore, the CPD are involved in the binding of HMG1 to the irradiated TT probe. This is further supported by following the band shift pattern as a function of the dose of the UV light. The incubation of HMG1 with TT oligonucleotides irradiated at doses between 2.5 and 20 kJ/m 2 resulted in band shifts with similar intensity (Fig. 8) . Such a pattern of band shifting corresponds to the generation of CPD (see Fig. 3A ). However, the residual band shift observed upon irradiation at 27 kJ/m 2 (20 -30% of the band shift before photoreactivation) suggests that lesion(s) other than CPD contribute to binding at higher fluences. These data have been taken into account upon calculation of dissociation constants (see above). At higher doses there is a continued accumulation of a broad range of lesions including photoproducts, thymine glycols, interstrand cross-links, and monomeric photoproducts (36, 40, 41) . Formation of (6-4) photoproducts upon irradiation of TT oligonucleotide was not detected (see Fig. 2 ). Interstrand cross-links, however, have been induced upon irradiation of both TT and TC oligonucleotides (Fig. 3) , and they amounted to as much as 6% of the irradiated molecules. The contribution of these cross-links to the observed preferential binding of HMG1 to UV-damaged oligonucleotides is under investigation.
The involvement of (6-4) photoproducts in the binding of HMG1 to irradiated TC oligonucleotide was assayed by using the lability of this product in hot alkali. HMG1 was allowed to react with alkali-treated and non-treated UV-irradiated TC oligonucleotide. The alkaline treatment reduced the binding of the protein to the oligonucleotide, but residual band shift was still observed (Fig. 7C, lane 3) . Therefore, HMG1 appears to bind to photoproducts. Additional support comes from the observation that the amount of shifted irradiated TC oligonucleotide increased upon increasing the dose of the UV light (Fig.  8), i.e. the band shift pattern and the pattern of formation of (6-4) photoproducts in TC probe showed a similar dependence on the UV dose. As for the persisting band shift registered with the alkali-treated TC oligonucleotide, one explanation might be the observation that not all photoproducts are labile at high pH and temperature (42) . The contribution of the interstrand cross-links is also considered. Following hot alkali treatment, the interstrand cross-links were reduced but not eliminated.
Binding of HMG1 Protein Lacking the Acidic Carboxyl-terminal Region to UV-irradiated Oligonucleotides-Previous
studies have shown that binding of HMG1 to DNA is influenced by the highly charged COOH-terminal domain of the molecule (14, 15, 43, 44) . We wished to analyze the effect of this region on the interaction of HMG1 with the irradiated oligonucleotides. To this end the C-domain of HMG1 was removed by limited trypsin digestion, and the remaining major tryptic fragment designated HMG3 (15) was purified. It migrated in SDS-polyacrylamide gel as two very closely spaced bands with a molecular mass between 21,000 and 22,000 (Fig. 9 ) exactly as shown (15) . By using gel retardation analysis, HMG3 was found to shift irradiated TT and TC oligonucleotides at protein concentrations at which band shift with HMG1 was not observed (compare Fig. 10A, lanes 6 and 7, and Fig. 10B, lanes 5 and 6, with Fig. 4, lane 6) . Dissociation constants K d of 0.5 Ϯ 0.2 and 0.7 Ϯ 0.3 M of HMG3 for irradiated TT and TC oligonucleotides were calculated, respectively. These estimates show that the affinity of HMG3 to irradiated TT and TC oligonucleotides was 2-4-fold higher than that of HMG1. Fig. 10 clearly shows that at concentrations of HMG3 between 25 and 100 ng per sample volume, band shift was observed only with the irradiated TT and TC oligonucleotides (panel A, lanes 6 -8, and panel  B, lanes 5-7, respectively) . Note that under these conditions HMG3 does not shift irradiated control oligonucleotide which does not contain adjacent pyrimidines (Fig. 10B, lanes 9 and  10) . As in the case with HMG1, binding of HMG3 to irradiated single-stranded oligonucleotides was not observed (Fig. 10B,  lane 8) .
It has already been shown that HMG1 binds preferentially to deformed DNA structures such as synthetic four-way junctions (7, 8) and cisplatin-DNA adducts (9, 10) . It was reported also that the homologous protein in the insects Chironomus (44) and Drosophila (19) did not virtually discriminate between four-way junctions and linear DNA and that HMG1 from Drosophila exhibited only slight preference to cisplatin-damaged DNA (19) . We show here that HMG1 from calf thymus and tumor cells bind preferentially to UV-damaged DNA. The biological role of this peculiar property of HMG1 is currently unknown as is its cellular function(s). One might well assume the two extreme possibilities: binding of HMG1 to distorted DNA structures is a fortuitous event, likely unrelated to its functions in the nucleus (45), or, alternatively, the cell is taking advantage of this property of the protein, probably in DNA repair. Considering the second possibility, the known biochemical properties of HMG1 and -2 and their moderate affinity for binding to damaged DNA so far reported (Ref. 9, this study) rule out a role for the proteins in the repair mechanism per se. They might be involved, however, in the post-irradiation events, which prepare chromatin for repair. Following the recognition of the lesion nucleosomes should unfold to promote the accessibility of certain regions to the machinery of DNA repair (46, 47) . The most frequently considered mechanism for chromatin folding/unfolding is related to histone H1. Binding of HMG1 to the lesion to be repaired could modulate H1-induced compaction of DNA. A function of HMG1 in replacing H1 has been suggested in earlier studies (48, 49) , and a more recent report for an efficient competition of HMG1 with H1 for binding to four-way junctions (50) favors such a view. Furthermore, an intriguing possibility is suggested by the recently reported ability of HMG1 and -2 to enhance the binding activity of specific proteins to their target DNA (19, (51) (52) (53) (54) as well as the concept that these proteins may act as DNA chaperones (14, 55) . By binding preferentially to damaged DNA, HMG1 can form a transient complex which stabilizes the bent DNA at the site of the lesion. As a next step HMG1 can be displaced by specific protein(s) that forms a stable complex with the damaged DNA (19, 55) . This work reports also that removal of the COOH-terminal region of HMG1 enhances the preference of the protein to irradiated TT and TC oligonucleotides. These data, together with the finding of a specific protease in the nucleus that cleaves the C-domain of HMG1 and -2 (56), would provide a means to modulate binding of HMG1 to other nuclear proteins and/or particular DNA structures.
